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Abstract 
This paper describes a randomized flight-by-flight loading sequence for the L 410 commuter airplane. Principles of the sequence 
and the scope of simulated load cases are presented in the first part of the paper. The second part deals with effects of a low-load 
omission of airborne spectra in terms of fatigue crack growth. M(T) specimens made of 2124-T851 and 7475-T7351 aluminum 
alloys were used for the investigation. Each alloy was tested using a full and a shortened (i.e. with applied omission) loading 
sequence. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
This paper describes a randomized flight-by-flight loading sequence for the L 410 airplane. The L 410 is 
a metallic commuter airplane capable of carrying 19 passengers.  
Reliability of the structure has to be demonstrated by full-scale fatigue testing. Furthermore, the airplane has to 
meet requirements imposed on damage tolerant structures whose substantiation includes crack growth analyses. 
These analyses have to be supported by coupon and component tests. All the mentioned facts imply that 
development of a representative loading sequence has a great importance in the airplane’s design and certification 
process. Shortening the sequence by means of a low-cycle omission has to be performed in order to achieve 
acceptable test duration without a significant compromise in representativeness of the experiment.  
The first part of the paper deals with description of the sequence principles and the scope of simulated load cases. 
The second part presents effects of airborne spectra low-load omission on fatigue crack growth. The effects of the 
omission on crack growth were investigated using M(T) specimens made of 2124-T851 and 7475-T7351 aluminum 
alloys. Each alloy was tested using the full and the shortened (i.e. with applied omission) loading sequence. 
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Nomenclature 
a Crack length  
a0 Initial crack length 
DSG Design Service Goal 
e Elongation 
E Young’s modulus 
GAG Ground-Air-Ground  
k Irregularity factor 
na Amplitude of load factor in the centre of gravity 
N  Number of flights 
Rm Ultimate strength 
Rp0.2 Yield strength 
t Specimen thickness 
TWIST Transport Wing Standard Loading Sequence 
W Specimen width 
σ Normal stress 
Σn Cumulative frequency 
2. Loading sequence principles 
The loading sequence is based on the principles of and is similar to the TWIST standardized loading sequence 
introduced by De Jonge et al. [1] and simulates 3 000 flights, i.e. 1/10th of the airplane’s Design Service Goal 
(DSG). Its scope is however further expanded so that all the typical flight phases of the commuter airplane are 
included. Load spectra relevant for the L 410 airplane are applied. 
Randomization is performed in a usual manner; flight types of a different severity are defined. Flights are placed 
in a random order with the exception of the most severe flights which are evenly distributed throughout the sequence 
in order to preclude clustering of cycles of the greatest magnitude. Pairing of local maxima and minima is also 
performed on a random basis, i.e. each positive load (maximum) is followed by a negative (minimum) load which is 
usually not of the same magnitude.  
The sequence is representative for structure whose loading can be satisfactorily described by means of the 
vertical load factor in the airplane’s center of gravity, e.g. wing and middle part of fuselage.  
2.1. Scope of simulated load cases 
The scope of simulated load cases has to adhere to the typical mission profile which represents average 
conditions of the airplane’s operations. The typical mission profile consists of six airborne phases – take-off, climb, 
cruise, descent, approach and landing. Ground phases are simulated both at the beginning and at the end each flight. 
They include pre-flight taxi, take-off run, landing impact, braking, landing impact, post-flight taxi and turns during 
pre- and post-flight taxi. The typical mission profile is illustrated in Fig. 1.  
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Fig. 1. Typical mission profile 
The mentioned load cases are defined in two different ways – either by a continuous single-parameter load 
spectrum or by a table defining frequencies of discrete events. The spectrum is typically used for definition of 
airborne phases, taxi, take-off and landing run. The tabular form is used in case of turns during taxi, selection of the 
landing impact type or the type of braking. This approach is presented in Table 1.   
Table 1. Scope of simulated load cases 
Phase Assumed load cases Representation Number of cycles 
Pre-flight taxi and take-off run Vertical load factor due to bumps Spectrum As per spectrum 
Turns during pre-flight taxi Type of turn (defined by turn radius 
and velocity) 
Table 1 cycle per turn 
Airborne phase of take-off Vertical gusts and maneuvers 
Vertical gusts and maneuvers 
Vertical gusts and maneuvers 
Vertical gusts and maneuvers 
Vertical gusts and maneuvers 
Vertical gusts and maneuvers 
Spectrum As per spectrum 
Climb Spectrum As per spectrum 
Cruise Spectrum As per spectrum 
Descent Spectrum As per spectrum 
Approach Spectrum As per spectrum 
Airborne phase of landing Spectrum As per spectrum 
Landing impact Vertical load factor 
Type of landing (e.g. on main landing 
gear, three-point landing etc.) 
Spectrum 
Table 
2 or 3 cycles depending on the 
landing impact type 
Braking Type of braking (e.g. with/without 
antiskid or with/without reverse) 
Table 1 to 30 cycles depending on the 
type of braking 
Landing run and post-flight taxi Vertical load factor due to bumps Spectrum As per spectrum 
Turns during post-flight taxi Type of turn (defined by turn radius 
and velocity) 
Table 1 cycle per turn 
2.2. Load spectra processing 
Discrete load cases whose frequencies are directly given in the tabular form do not require further changes. 
Continuous load spectra, on the other hand, need to be processed into a stepped form. Furthermore, the stepped load 
spectra have to be distributed among flights of different severities. It is understood that this process has to produce 
physically consistent results. Two criteria of the consistency have been adopted based on recommendations given by 
De Jonge et al. [1]: 
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x Distribution of once-per-flight extreme values 
x Shape of load spectra  
Distribution of once-per-flight extreme values has to be performed in order not to over represent high-load cycles 
within a single flight. This is performed by means of calculation of the ground-air-ground (GAG) spectrum which 
defines frequency and magnitude of the greatest load excursion per flight. The procedure of the GAG spectrum 
determination is established in ESDU 79024 [2]. It is based on connecting the point at cumulative frequency 
Σn = 10-3 [per flight] on the total spectrum by a curve to the point at Σn = 1/3 [per flight] at the same loading level as 
the total spectrum passes through the Σn = 1 [per flight] value. The spectrum also defines frequencies of different 
flight types. When calculated, the GAG spectrum is extracted from the original vertical gust and maneuver 
spectrum, thus creating two separate spectra: the GAG spectrum and the residual spectrum. The GAG spectrum is 
subsequently simulated in the flight phase where it leads to the greatest load amplitudes. 
Distribution of the spectrum among different flight severities is based on conclusions made by Bullen [3] after 
analyzing a large number of load data pertaining to different weather conditions. He found that spectra for all 
severity groups have approximately the same shape. Naturally, the scale varies depending on the turbulence severity 
during each flight. The main aim is therefore to define all the flight types so that their spectra have a similar shape 
compared with each other. 
Resulting load spectra are organized in form of input tables. An example of the input table for one flight phase is 
shown in Table 2. 
Table 2. Example of input table showing GAG and residual spectrum cycles (descent phase, full loading sequence, GAG spectrum cycles 
denoted by “+”) 
Flight type Number of flights 
Load step 
I II III IV V VI VII VIII IX X XI 
A 1 +1   1 3 11 17 59 165 457 1 413 
B 2  +1   2 4 8 21 96 290 922 
C 7   +1   3 3 12 58 175 607 
D 17    +1  1 3 9 39 110 490 
E 45     +1  2 5 25 85 371 
F 120      +1 1 3 10 55 237 
G 315       +1 2 9 41 196 
H 828        +1 2 21 165 
I 1 665         + 1 11 120 
Total number of cycles within a 
load step per block of 3000 flights 1 2 7 18 52 177 630 2 381 9 907 63 175 459 131 
2.3. Truncation and omission 
Load truncation (high load clipping) and omission (removal of low-amplitude loads) both have to be performed. 
These procedures are briefly introduced now. 
The truncation has to be done since introduction of high loads, which are not encountered by majority of in-
service airplanes, may lead to unconservative results in terms of crack initiation and crack growth. The truncation 
level was determined using a statistical approach; it is assumed that the level is reached or exceeded by 99 % of in-
service aircraft during one inspection interval.  
The omission is a vital process in terms of achieving acceptable test duration. The omission level during airborne 
phases was set to load factor amplitude na = 0.25. Amplitudes of the remaining load cycles were increased by 3.5 %. 
The amount of increase was established so that the same fatigue damage as in case of the original (full) sequence is 
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achieved. The fatigue calculation was performed assuming Palmgren-Miner hypothesis and Oding mean stress 
correction.  
3. Test programme 
A test programme was prepared in order to evaluate the effects of low-load omission in airborne phases. Four 
100-mm wide and 4-mm thick M(T) specimens have been tested. Two specimens were made of 2124-T851 alloy 
and two of 7475-T7351 alloy. All specimens were loaded in L-T direction. The investigated alloys are representative 
for the wing structure. Stress spectrum in the bottom panel near the wing root was adopted for the test.  
Each material was tested using the full sequence and the shortened sequence. The full sequence contains all 
cycles within both the airborne and the ground phases. The total number of cycles within airborne phases is 
1 563 719 (in the block of 3 000 flights). This number is given by the complete L 410 vertical gust and maneuver 
spectrum, namely by cumulative frequency at load factor amplitude na = 0. The shortened sequence (where cycles 
pertaining to load factor amplitudes na ≤ 0.25 were omitted) contains 154 042 cycles within airborne phases which is 
only 9.85 % of cycles in the full sequence. Ground load cases are represented only by the greatest compressive load 
excursion between each pair of flights. The truncation was applied uniformly in both sequences. 
Table 3. Description of test program 
Alloy Type of sequence 
Cycles in airborne phases 
in block of 3000 flights 
Average number of cycles 
per flight σmax [MPa] σmin [MPa] 
Irregularity factor 
k [1] 
2124-T851 Full 1 563 719 521.24 124.3 -26.05 1.48 
 Shortened 154 042 51.35 124.3 -26.05 1.06 
7475-T7351 Full 1 563 719 521.24 124.3 -26.05 1.48 
 Shortened 154 012 51.35 124.3 -26.05 1.06 
Note: Reference level for irregularity factor determination is equal to 45 MPa (representative steady state stress in airborne phases) 
Table 4. Tensile properties of investigated alloys (average values) 
Alloy Direction Ultimate strength Rm [MPa] 
Yield strength Rp0.2 
[MPa] 
Young’s modulus E 
[MPa] Elongation e [%] 
2124-T851 L-T 488.0 446.7 70 000 8.30 
7475-T7351 L-T 486.0 418.6 69 260 15.01 
 
A more detailed description of both sequences is introduced below. It consists of graphical representation of a 
part of each sequence. The vertical (stress) axis is normalized to the maximum stress in the sequence. Furthermore, 
the sequences are counted by means two methods - level crossing counting and range pair counting. 
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Fig. 2. Detail of full loading sequence 
Table 5. Level crossing counting – full loading sequence (reference level 45 MPa) 
Minima 
Level [MPa] -35 -25 -5 -5 5 15 25 35  
Count [1] 0 1 47 367 635 785 636 062 637 835 664 010 865 276  
Maxima 
Level [MPa] 45 55 65 75 85 95 105 115 125 
Count [1] 1 494 166 146 163 83 074 4 607 1 181 326 98 33 0 
 
Table 6. Range pair matrix – full loading sequence 
Amplitude intervals 
[MPa] 
Mean stress intervals [MPa] 
-25 -15 -5 5 15 25 35 45 55 65 
Total 
-15 -5 5 15 25 35 45 55 65 75 
0 10 45 632 627  7 2 735 2 374 353 907 1 010 298   2 001 993 
10 20  9   1 528 71 182 106 139 2 249  180 108 
20 30     3 132 9 079 11 353 468 26 21 061 
30 40     9 27 410 1 199 97 7 1 749 
40 50      2 055 120 226 26 2 2 429 
50 60      456 387 41 4  888 
60 70       137 21 1  159 
70 80        12   12 
Total 45 632 636 0 7 2 748 5 572 435 222 1 129 289 2 845 35 2 208 399 
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Fig. 3. Detail of shortened loading sequence 
Table 7. Level crossing counting – shortened loading sequence (reference level 45 MPa) 
Minima 
Level [MPa] -35 -25 -5 -5 5 15 25 35  
Count [1] 0 1 3 033 3 112 3 498 5 927 31 331 160 044  
Maxima 
Level [MPa] 45 55 65 75 85 95 105 115 125 
Count [1] 157 042 150 041 103 126 16 820 1 189 328 98 33 0 
Table 8. Range pair matrix – shortened loading sequence 
Amplitude 
intervals [MPa] 
Mean stress intervals [MPa] 
-15 -5 5 15 25 35 45 55 65 
Total 
-5 5 15 25 35 45 55 65 75 
0 10 2  4 1 394 3 153 3 000 3 000   10 553 
10 20  690  2 237 19 246 104 449   124 624 
20 30  654 8  83 10 369 12 663 486  24 263 
30 40    1 31 808 3 468 118 8 4 434 
40 50    1 651 120 262 22 2 1 058 
50 60     562 349 33 5 1 950 
60 70      114 22 1  137 
70 80       24   24 
Total 2 1 344 12 1 398 4 717 34 006 123 921 632 11 166 043 
4. Test results 
The testing was carried out in Aerospace Research and Test Establishment (VZLÚ) in Prague. Each test was 
ended by natural failure of the specimen. All crack growth curves were normalized to initial crack length a0 = 4.8 
mm. The comparison of average crack growth lives was performed at crack length a = 35 mm. The average life is 
obtained by evaluation of results at four crack tips at each specimen (left and right, front and rear crack tips).  
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It can be seen that the omission results in FCG life increase by 32.2 % and 25.8 % in case of 2124-T851 and 
7475-T7351 alloys respectively. The results are summarized in Table 8. 
Table 9. Effect of full and shortened sequence on FCG life 
Alloy Type of sequence N (a = 35 mm) [flights] Nshortened/Nfull 
2124-T851 Full 6 279 
1.322 
 Shortened 8 303 
7475-T7351 Full 7 108 
1.258 
 Shortened 8 942 
 
Fatigue crack growth curves are introduced in the following figures. Two results – right and left crack tip – are 
plotted for each specimen. The last figure shows a comparison of FCG results for 2124-T851 and 7475-T7351 
alloys. It is worth noting that the crack growth curves of both alloys are similar compared to each other, especially at 
crack lengths less than 15 mm. 
 
Fig. 4. Fatigue crack growth – 2424-T851 alloy 
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Fig. 5. Fatigue crack growth – 7475-T7351 alloy 
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Fig. 6. Comparison of FCG data – 2124-T851 and 7475-T7351 alloy 
5. Conclusion 
This paper presents a randomized flight-by-flight loading sequence for the L 410 commuter airplane. 
The sequence simulates 3 000 flights which is 1/10th of the airplane’s design service goal. The basic principles and 
the scope of simulated load cases are dealt with in the first part. 
The second part deals with determination of the effect of low-load omission in airborne phases of the airplane’s 
operations. A test programme using M(T) specimens made of 2124-T851 and 7475-T7351 alloys was prepared for 
this purpose.  
 The results show that the omission leads to increase in fatigue crack growth lives by 32.2 and 25.8 % in case of 
2124-T851 and 7475-T7351 alloy respectively. It is also worth noting that both alloys showed similar crack growth 
behavior under the investigated bottom wing stress spectrum, especially at crack lengths less than 15 mm. 
Suitability of the shortened loading sequence for testing has to be addressed on a case-by-case basis. It is felt that 
the sequence can be used for tests where life to crack initiation is the primary concern since the contribution of 
omitted cycles to fatigue damage is significantly lower than their contribution to fatigue crack growth. An example 
of such test is the full-scale fatigue test whose main purpose is to demonstrate reliability of the structure. Use of the 
shortened sequence for tests targeted on fatigue crack growth is possible when a careful evaluation of the results is 
carried out and on the condition that omission effects are known for the stress spectrum of interest. 
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